Abstract: Anaerobic passive treatment systems remediating high-strength mine-impacted water (MIW) have not displayed consistent success. For example, the high iron (140 mg=L) and acidity (380 mg=L as CaCO 3 ) of the Klondike-1 discharge near Ashville, Pennsylvania, caused premature clogging of a vertical flow pond (VFP), which was filled with a traditional 90% spent mushroom compost (SMC) and 10% limestone substrate. In this study, continuous-flow columns were designed to simulate VFPs with a hydraulic residence time of 16 h to evaluate if the treatment of high-strength MIW can be improved using crab shell as a substrate amendment. Columns containing between 50 and 100% crab shell (with the balance SMC) were compared with a column containing the traditional substrate as well as to a sand control. Water from the Klondike-1 site was pumped through the columns continuously for 181 days and effluent samples were analyzed for pH, oxidation-reduction potential (ORP), ammonia, acidity, alkalinity, dissolved organic carbon, anions, and metals. An additional passive aeration step after substrate treatment was included to simulate the settling ponds typically used in practice so that the full extent of metals removal under these substrate conditions could be evaluated. An optimal substrate ratio of 70% crab shell þ30% SMC treated double the volume of MIW, removed more than twice the mass of metals, and sustained the pH above 5.0 for almost twice as long as the traditional substrate. A treatment efficiency of 1.2 g substrate per liter MIW was calculated as a design parameter for field-scale systems, compared with 2.3 g per liter for the traditional substrate. Although more expensive than traditional substrates (∼50% more expensive for the 70% crab shell mixture), the efficiency of the crab shell amendment enables a 50% reduction in the areal footprint of the VFP and is significantly (two times) less expensive than active treatment alternatives.
Introduction
The U.S. EPA estimates that mine-impacted water (MIW) has impaired more than 16,000 km (10,000 mi) of streams in the United States (U.S. EPA 1997) and a more recent study estimates 8,900 km (>5,500 mi) of streams are effected in Pennsylvania alone (PA DEP 2010) . MIW is not a unique problem and can be found on every continent except Antarctica (Baruah and Khare 2010; Dinelli et al. 2001; Edraki et al. 2005; Romero et al. 2010; Schippers et al. 2007; Tutu et al. 2008) . During mining activities, bedrock containing pyrite is rapidly oxidized when exposed to air and water, leading to the formation of Fe precipitates (called yellow-boy) according to Eq. (1) (Robinson-Lora and Brennan 2009a)
In addition to elevated iron, sulfur species, and acidity caused by this reaction, MIW can contain other metals based on the geologic makeup of the host rock, all of which can harm aquatic life and threaten potable water supplies.
Passive treatment is the lowest cost method to remediate MIW, wherein a typical approach involves flowing MIW downward through vertical flow ponds (VFPs), where an anoxic layer of organic substrate supports biological sulfate reduction. Alkalinity is generated during fermentation of the organic substrate to fatty acids and during sulfate reduction, resulting in the formation of H 2 S and promoting metal sulfide precipitation, as shown by the equations in Robinson-Lora and Brennan (2009a) . The MIW then flows through a layer of limestone (LS) rock to introduce additional alkalinity before exiting through a network of underdrains. VFPs are usually followed by passively aerated settling ponds, allowing additional metal (hydr)oxides to precipitate from the neutralized water (Doshi 2006) .
The performance of passive biological systems can be related to the ability of the organic substrate to sustain favorable conditions for microbial activity (Pruden et al. 2007 ). Provision of nutrients, such as nitrogen (N) and phosphorus (P), to support the microbial community has been hypothesized as a limiting factor in some organic substrates (Waybrant et al. 2002) . Sulfate-reducing bacteria (SRB) rely on a symbiotic population of fermentative and cellulosedegrading organisms to hydrolyze polymeric compounds from the substrate into short-chain organic acids and alcohols that can be used as carbon (C) and electron sources (Logan et al. 2005) . The optimal pH range for SRB (pH 5-8) as well as cellulolytic and other fermentative processes (pH 5-6) is also difficult to achieve and sustain with the traditional 90% (by mass) spent mushroom compost (SMC) and 10% LS chips used in first-generation systems (Jong and Parry 2006; Kapat et al. 1996; Hayes et al. 2008; Roy et al. 2003) .
Although passive systems have proven effective for MIW discharges low in acidity and metals concentrations, they have failed to consistently treat sources with higher acidity and metal loads. Performance can suffer from accumulation of oxidized metal precipitates because they coat organic substrates and diminish the permeability of pore spaces. In high-strength MIW, this typically occurs well before the expected exhaustion of the treatment substrate (Ji et al. 2008; Neculita et al. 2007; Rötting et al. 2008) . Passive treatment systems are also often required in remote forested locations, on steep hillsides, or in narrow valleys where the site is physically constrained. Thus, system size is sometimes dictated by the footprint available instead of optimal design parameters, which typically require larger surface area for higher metals concentrations (Matthies et al. 2010) . The Pennsylvania Department of Environmental Protection (PA DEP) established risk classification categories for MIW discharges (PA DEP and U.S. Office of Surface Mining Reclamation and Enforcement 2008) where waters containing high metals (>50 mg=L of combined metals such as Al þ Fe) were automatically designated high risk regardless of the flow rate. Subsequent PA DEP guidelines virtually eliminated government funding for passive treatment systems for high-risk discharges (PA DEP 2009). It is the authors' belief that MIW discharges with high metals concentrations, particularly those with low flow rates, can be effectively treated with passive systems through improved organic substrate selection; therefore, the term high strength is used (rather than high risk) to describe MIW with high metals concentrations throughout the rest of this paper.
Crab shell (CS), a waste product of the seafood industry and proven substrate in other anaerobic biological processes (Brennan et al. 2006; Buser et al. 2010; Robinson-Lora and Brennan 2009b) , has also been demonstrated to support the simultaneous biological, chemical, and physical remediation of low-strength MIW (Daubert and Brennan 2007; Robinson-Lora and Brennan 2009a ) and may be a favorable substrate for high-strength MIW as well. The over 2 million kg of chitinous waste material available per year (JRW Bioremediation, personal communication) is a complex matrix of chitin, protein, and calcium carbonate and contains C, N, P, and alkalinity (Robinson-Lora and Brennan 2011). The chitin derivative, chitosan, has been used to adsorb metal ions in numerous applications (Gerente et al. 2007; Hayes et al. 2008) and CS has been shown to rapidly remove Fe and Al as well as Mn from MIW, something that other substrates have been unable to accomplish at circumneutral pH (Robinson-Lora and Brennan 2010a, b; Venot et al. 2008) . SMC amended with >50%CS (by mass) was shown to maximize treatment efficiency while balancing the higher cost of CS over the traditional substrate (Newcombe and Brennan 2010) .
The goals of the present study were to determine (1) if anaerobic, biologically mediated, passive treatment systems utilizing CS: SMC substrate mixtures can be successfully applied to treat highstrength MIW; (2) the optimal ratio of CS to SMC for treating highstrength MIWs; and (3) whether organic C or alkalinity production first becomes performance limiting. Moreover, the enhanced removal of metals achieved by aeration and settling after treatment with mixed CS substrates were quantified, as is commonly done in traditional field systems. The results provide important design criteria for field-scale systems such as the quantity of substrate needed to treat 1 L of MIW (known as a loading factor). Finally, an analysis of the footprint and costs of CS use over a 20-year system design life are provided.
Materials and Methods

Water Source
Water used for the continuous-flow column test was collected periodically from the abandoned Klondike-1 coal mine (Ashville, Pennsylvania) 230 m (250 yards) downstream from the point of emergence in a nonstagnant, deep channel section of the discharge (40°33.102′ N, 78°29.838′ W). Field measurements were taken for oxidation-reduction potential (ORP) (Oakton Waterproof ORPTestr 10), temperature, pH, and conductivity (Oakton Multi-Parameter Tester 35) (Table 1) , and dissolved oxygen (Oakton Waterproof pH/DO meter). Samples were collected for dissolved metals analysis (Table 1) , placed in a cooler, and upon return to the laboratory were prepared and analyzed by the methods described in "Analytical Methods." Upon return to the lab, all water storage containers were continuously purged with argon gas to maintain an anoxic environment and minimize Fe oxidation and were covered with opaque black plastic to prevent the growth of phototrophic organisms (e.g., algae) that could potentially produce oxygen within the system.
Continuous-Flow Columns
Continuous-flow columns simulated flow through a VFP. Columns were constructed using 0.61-m-long, 3. (0.85-2.36 mm, Badger Mining Corporation, Taylor, Wisconsin) as a proppant to maintain permeability and ensure an adequate hydraulic retention time (HRT). Columns were flushed with argon gas during packing to remove oxygen and allow for anoxic conditions. Solids were wet packed in approximately 2.5-cm lifts with free-standing source water, beginning with a plug of 30 g of sand, followed by the substrate-sand mixture, and finished with a plug of sand to fill the remaining volume in the column and prevent loss of substrate. A 100% sand column served as a negative control. Column packing materials were analyzed by the Agricultural Analytical Services Laboratory (AASL) at Pennsylvania State University to determine extractable elements (Mehlich 3 method), which may have contributed to the metals concentrations determined during the experiment (Table 3 ). The mass of total C and N (combustion method) and calcium carbonate equivalency [ASTM method C25 (ASTM 2014)] were also measured to enable a comparison of the substrate materials. External inoculants were deemed unnecessary because substrate alone provides sufficient bacteria to initiate growth of a microbial consortium diverse enough to support sulfate reduction (Christensen et al. 1996; Newcombe and Brennan 2010) . Instead, columns were packed in a nonsterile environment and provided an 8-day incubation period to promote establishment of the microbial community. Source water was pumped vertically upward through each column via separate lines ( Fig. 1 ) and effluent was routed into simulated aeration settling ponds and passively aerated for 24 h to encourage metal oxidation. Columns were sampled every 1-7 days, depending on the observed rate of changes in water quality. Column effluent samples were measured immediately for pH, ORP, acidity, alkalinity, and ammonium, and preserved for later analysis of dissolved metals and dissolved organic carbon (DOC). Samples were concurrently collected from the effluent of the simulated passive aeration ponds (the second sampling cells in Fig. 1 ) and preserved for dissolved metals analysis only and DO was measured from the simulated aeration ponds. Additional detailed descriptions of the column setup can be found in the Supplemental Data (under the subsection "Column Experiment Set-Up").
Analytical Methods
The pH and ammonium were measured using a bench-top electrode (Thermo-ORION and ISE ORION 9512, respectively) connected to a pH-mV meter (Accumet Basic AB15, Fisher Scientific). Both electrodes were calibrated daily using standard buffers: 4.0, 7.0, and 10.0 for pH, and 1 and 10 mg=L for ammonium standards. Dissolved oxygen was measured with an Accumet Research AR40 meter (Fisher Scientific). Acidity and alkalinity were measured using standard titrations [Methods 2310 and 2320 (APHA 1998 ] with endpoints at pH ¼ 8.3 and pH ¼ 4.5, respectively. The pH, ammonium, acidity, and alkalinity were measured within 4 h of sample collection. ORP was measured with a doublejunction electrode (Ag=AgCl=saturated KCl, Cole-Parmer) via an in-line flow-through cell sealed with a rubber O-ring to prevent exposure to ambient air. Dissolved metals and sulfate were analyzed using inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (Leeman Labs PS300UV, Pennsylvania State University Materials Characterization Laboratory). Prior to ICP-AES analysis, the samples were preserved by filtering (with a 0.45-μm filter), acidifying to pH < 2 (with 70% HNO 3 ) to drive HS − and S 2− to H 2 S, and then sparging with compressed air to strip out H 2 S, leaving only soluble sulfate. Sulfate concentrations were calculated using the stoichiometric ratio between sulfur and sulfate. Sulfate was also measured directly using an ion chromatograph (IC) (Dionex DX-120). Samples were analyzed for total dissolved C and dissolved inorganic C on a total organic carbon analyzer (TOC-V CSN, Shimadzu) and DOC was calculated as the difference.
Conservative (nonpartitioning) tracer tests were performed on each column with 25 mg of chloride (2 mL of a solution prepared by dissolving 412 mg of sodium chloride in 20 mL of deionized water) injected through the influent port of each column. Column effluent was collected every 15 min for 35 h. The calculated HRT (see calculations under the subsection "Tracer Tests" in the Supplemental Data) was used to determine the dispersion number and, along with the measured flow rate, to calculate the pore volume (PV) for each column.
Visual MINTEQ geochemical modeling software was used to predict differences in speciation and saturation indexes for metals over a range of sulfate reduction rates (SO 2− 4 to HS − ). Water quality data from the study were used in the model for three different time points: immediately following incubation when cations and carbonates were highest; after 10 PVs when these concentrations were reduced by at least half; and when the columns became exhausted at pH 5.
Results and Discussion
The continuous-flow column experiment was conducted for 181 days.
Conservative Tracer Tests
Tracer test results were used to estimate the HRT, dispersion number (d), and effective PV of each column and were performed near the end of the experiment so as not to disturb the microbial community or influence treatment performance. HRT and effective PV varied considerably depending on the packing materials (Table 2 ). All columns exhibited low dispersion (d < 0.05) flow characteristics except the sand control (moderate dispersion). The data are presented in terms of PV, which allows for a more accurate comparison among columns based on the volume of water treated as opposed to comparing the systems at specific time points.
Source Water
The average pH and dissolved Fe concentrations of the influent water were noticeably lower than those observed in the field at the time of collection (Table 1) , likely due to precipitation of Fe 3þ species, which was also confirmed by orange-yellow precipitates in the storage container. The continued oxidation of Fe 2þ could have been caused by residual dissolved oxygen in the MIW, oxygen that entered the headspace during argon purging, or abiotic heterogeneous Fe 2þ oxidation (Dempsey et al. 2001; Stumm and Sulzberger 1992) .
pH, Alkalinity, and Acidity Sufficient alkalinity was initially generated in all treatments to completely neutralize the acidity present in the influent water (average 330 mg=L as CaCO 3 ) (Fig. 2) and increase pH to above 6.0 (average influent pH ¼ 2.54). However, columns containing 100, 90, and 70% crab shell (CS) were able to maintain net alkaline conditions and sustain pH above 5.0 for nearly twice as long as the traditional substrate (Table 4) . Maximum alkalinity generation was achieved at the beginning of the experiment for all treatments (260 mg=L as CaCO 3 for the traditional substrate compared with ∼5,800 mg=L for CS-containing substrates; data not shown).
The theoretical mass of carbonate supplied by the substrate material in each column was calculated using the mass of each substrate and the calcium carbonate equivalency (CCE) data. In addition, estimates for the total CaCO 3 released from each treatment column were computed by integrating the area under the curves for experimental alkalinity and acidity data. Assuming complete disassociation of the carbonates within the CS matrix, 16-27% (depending on the specific column) excess alkalinity was generated above the theoretical mass that may be attributed to biological sulfate reduction and fermentation or cellulolytic activity. However, the presence of substrate materials remaining in the column at the completion of the experiment suggests that those proportions are even higher, with up to 54% of alkalinity being attributed to biological activity in the 100% CS column according to the authors' estimates.
Sulfate Reduction
Sulfate monitored by two analytical methods yielded similar results, indicating minimal sulfate removal within the treatment columns (Fig. S1 ). Both CS and SMC contain sulfates (Table 3) that leached from the substrates during the initial five pore volumes, consistent with previous work (Robinson-Lora and Brennan 2009b) . Following this initial leaching period, sulfate concentrations gradually declined in the influent and effluent of all columns throughout the experiment, even when the pH in the columns dropped below 5 (at 79-141 PVs, (a) (b) Fig. 2 . Alkalinity generation and acidity data from continuous-flow columns treating MIW from the Klondike-1 site sulfate concentrations in the effluent. However, indications of sulfate reduction and reduced sulfur species were indeed observed, indicating that there may be issues with the sulfate sample preservation and/or analysis methods. Metal sulfides produce black precipitates (Christensen et al. 1996) , which were observed in all but the sand control column within days of initiation of continuousflow conditions and remained for the duration of the experiment. In addition, the odor of rotten eggs was noted during sampling events, which also implies the presence of reduced sulfur (H 2 S).
Metals Removal
Dissolved metals were monitored in the influent, in the column effluent (sampling cell 1), and after passive aeration and settling (sampling cell 2). Effluent results are presented as normalized concentrations (measured concentration divided by the inlet concentration) to negate the effects of fluctuations in influent water quality, which occurred due to seasonal changes at the Klondike-1 site and precipitation of Fe in the source water container. Normalized concentrations provide an easy assessment of treatment efficiency, with zero representing 100% removal, and a decrease in efficiency as normalized concentrations approach 1.0 (0% removal). For the results and discussion that follow, breakthrough is defined as when the effluent concentration equals the influent concentration (normalized concentration = 1.0).
Iron
Dissolved Fe (influent concentration= 62.6 AE 21.4 mg=L) was partially removed by all treatment columns as well as the control column [ Fig. 3(a) ]. The orange discoloration noted near the influent port of the control column implies that Fe oxides and hydroxides were either sorbed to or physically retained (filtered) by the sand. It was presumed that oxidation of Fe within the storage container (see "Source Water") resulted in ferric iron species, including oxide and hydroxide precipitates, entering the columns, which led to this phenomenon. It is likely that this occurred within the other columns as well; however, precipitates were not visible due to blackening of the columns (as discussed in "Sulfate Reduction").
A mass balance of dissolved Fe entering and exiting the system shows that Fe was retained within all columns (Fig. 4) at the end of the experiment, with better retention (after breakthrough) within the sand and traditional columns than the CS-containing columns. Biological reduction of Fe 3þ on the surface of precipitates is likely under anaerobic conditions, resulting in the release of Fe 2þ back into solution (Roden and Urrutia 1999) . Because reducing conditions were achieved in all of the treatment columns (Fig. S2 ), but were stronger (E h ¼ −800 to −300 mV) and maintained longer within columns containing CS, it is suspected that this accounts for the lower levels of Fe retained, although no direct correlation was found between amount of CS and retention of Fe. In comparison, Fe removal after passive aeration and settling was sustained significantly longer for columns containing CS (∼195 PVs) than the traditional substrate (∼130 PVs) [ Fig. 3(b) ]. Incomplete removal of Fe was noted within the 100 and 90% CS columns for the first 75-85 PVs, a phenomenon not exhibited with fractions of CS < 90%. The highly reducing conditions achieved within the anaerobic zone by CS-containing substrates are beneficial in preventing the precipitation of Fe oxides that could lead to clogging. However, there appears to be a point above which CS addition creates reducing conditions so strong that significantly greater aeration is required (dissolved oxygen concentrations achieved by passive aeration are shown in Fig. S3 ) for the oxidation of Fe in subsequent steps, which has critical implications for the design and efficiency of MIW treatment systems.
Aluminum and Manganese
Dissolved Al (influent concentration ¼ 2.67 AE 0.42 mg=L) was completely removed in the CS-containing columns nearly twice as long as the traditional substrate (∼140 PVs compared with 70 PVs) and presents clear breakthrough curves (Fig. 5) . Removal of dissolved Mn (influent concentration of 36.1 AE 5.64 mg=L) occurred over a much shorter period: 11 PVs for the traditional substrate as compared with 25-56 PVs for the CS columns (Fig. 5) . No additional treatment was afforded by the passive aeration step.
Treatment efficiency and breakthrough of Al and Mn correlate directly with changes in pH [ Fig. 5(c)] . In all columns, Al breakthrough occurred when pH fell below 4.0-4.25, which corresponds with the minimum solubility of aluminum hydroxide ½AlðOHÞ 3 under the given conditions [K so ¼ 10 −33 (Snoeyink and Jenkins 1980) ]. Thus, Al removal is attributed to the precipitation of AlðOHÞ 3 and is in line with work that validated this mechanism for CS using energy dispersive spectroscopy (Robinson-Lora and Brennan 2011) . Similarly, removal of dissolved Mn occurred for only a short period near the beginning of the experiment, when the pH remained above 7. At near-neutral pH, saturation of rhodocrosite (MnCO 3 ) can be expected (Cravotta 2008) as well as the adsorption onto Al or Fe (oxy)hydroxide precipitates [reviewed in Cravotta and Trahan (1999) ]. Geochemical modeling indicated saturation with rhodocrosite and MnHPO 4 at pH 5.5-7.0 under the given column conditions, which is in agreement with previous work indicating (co)precipitation and/or sorption as the primary removal mechanisms for dissolved Mn in anaerobic CS treatment systems (Robinson-Lora and Brennan 2010a; Pinto et al. 2011 ).
Trace Metals
Breakthrough for Co (influent concentration of 0.42 AE 0.05 mg=L) and Ni (influent concentration of 0.92 AE 0.38 mg=L) mirrored Al (Fig. 5) , indicating likely surface interactions of these trace metals with Al hydroxide precipitates. However, pH 5 also corresponds to the adsorption edges for these trace metals associated with Fe (oxy) hydroxides (Arai et al. 2008; Spark et al. 1995 (Jeon et al. 2004; Lee et al. 2002; Miller et al. 2011; Peltier et al. 2010 ). Fig. 4 shows that all treatment columns retained some Co and Ni after breakthrough, indicating other removal mechanisms in addition to surface interactions with Al, Fe, and Mn precipitates. Trace metals have a higher affinity for precipitation as metal sulfides compared with Fe and geochemical modeling indicated the formation of both CoS and NiS. Because pH ∼2.5 was consistently maintained and these metal sulfides are insoluble at pH > 2 (Jandová et al. 2005) , CoS and NiS would be retained in the columns throughout the experiment. Adsorption and/or coprecipitation of trace metals with metal sulfide precipitates is also possible (Charriau et al. 2011; Jong and Parry 2004) .
Unlike other trace metals, Zn breakthrough in the CS columns occurred at pH 3.5 [Figs. 5(b and c)], which coincides with the solubility of ZnS. Fig. 4 indicates some Zn was retained within each CS column except the 50% CS column, the only CS column to fall below pH 3.5. Thus, it is postulated that eventually the remaining Zn within the other CS treatment columns would have been released as the CS became exhausted and pH dropped below pH 3.5. Zn adsorption onto metal oxides is postulated as the primary removal mechanism within the traditional column because breakthrough did not follow the same trend and instead occurred near pH 5, simultaneously with Al breakthrough and corresponding to the adsorption edge for Fe (oxy)hydroxides.
The fraction of metals removed through sulfide precipitation (or interactions with sulfide precipitates) was inferred as the percentage retained within the column (Fig. 4) . Trace metals released during desorption from Al or Fe precipitates could have been converted into metal sulfide precipitates, although this is unlikely because sulfate reduction slows significantly at pH < 5 concurrently with desorption. Columns containing CS retained 41-61% of the Co entering the system, 10-31% of the Ni, and 0-66% of the Zn, compared with 15% Co, 6% Ni, and 0% Zn that were retained within the traditional SMC and limestone column. This provides further evidence that greater sulfate reduction and sulfide production occurred within columns containing CS.
Carbon and Nitrogen Species
Microorganisms require key nutrients, including C and N, to sustain sulfate reduction. However, excess nutrients released from the system can negatively affect downstream water quality. The average influent DOC throughout the experiment was 2.75AE 1.39 mg=L. Maximum effluent DOC concentrations (330 mg=L for the traditional substrate and 5,300 mg=L for the 100% CS column) were observed immediately following a weeklong incubation period at the start of the experiment (Fig. 6 inset) . DOC in these systems is primarily composed of volatile fatty acids (VFAs) produced during the biological breakdown of the organic substrate (SMC or CS). In the case of CS, readily accessible proteins within the CS matrix are metabolized first, followed by the more complex chitin polymer (Korte et al. 2008; Newcombe and Brennan 2010; Robsinson-Lora and Brennan 2009a; . A mass balance on organic C (Table S1) indicates that >50% remained within the columns at the completion of the experiment, indicating that alkalinity is depleted well before organic C (details provided under the subsection "Carbon Mass Balance" in Supplemental Data). Fermentative and chitin hydrolyzing biological activity cease as alkalinity production exhausts and pH falls below the optimal range. This explains why columns containing more CS, which sustained pH above 5 for a longer period, lost more C during the experiment, and further suggests that the longevity of CS systems can be extended with a supplemental alkalinity source to maintain circumneutral pH after depletion of the shell-associated carbonates.
Similar to the trend noted with DOC, maximum total ammonia nitrogen (TAN ¼ NH þ 4 þ NH 3 ) concentrations were also noted immediately following the initial weeklong incubation period (28.4 − 32.9 mg N=L for CS columns versus 11.9 mg N=L for the traditional substrate, results not shown). Although some TAN could be solubilizing and leaching from the surface of the substrates, the authors believe that the rapid fermentation of the protein portion of the CS is responsible for the higher release of aqueous ammonium (NH þ 4 ) observed at the beginning of treatment with this substrate, coincident with the generation of VFAs (Robinson-Lora and Brennan 2009b) . Although ideal for stimulating microbial growth within the treatment system, excess NH þ 4 may be toxic to downstream aquatic life if the pH is high enough (pH>9.3) that the unionized form, ammonia (NH 3 ), becomes the predominant species (Snoeyink and Jenkins 1980) . As the concentration of free (gaseous) NH 3 in aquatic environments increases, fish lose the ability to transfer it out of their bodies, leading to NH 3 poisoning and eventually death. Circumneutral pH achieved with CS substrates result in relatively low free NH 3 values; however, prospective end users have still expressed concern over the potential toxicity of high TAN release. Maximum TAN concentrations for all treatment systems (including the traditional substrate) exceed the acute 1-h U.S. EPA aquatic life ambient water quality criteria for freshwater of 2.6 mg N=L at pH 8 and 25°C (U.S. EPA 2013) . However, maximum concentrations were measured within the first 3 days of the experiment; after the fourth day, concentrations had been reduced by half, and no TAN was released after 60 days. Furthermore, aquatic species will be exposed to lower concentrations due to mixing and dilution when water from a potential treatment system is discharged into a freshwater stream. If excess TAN is still a concern due to sensitivity of the local aquatic habitat, two potential solutions are available: NH 3 stripping of the treated effluent for an initial period after startup until TAN concentrations are reduced to acceptable levels, or use of a higher purity CS (without protein).
Design Implications
It has been proposed that in field applications, CS should be mixed in a ratio of 1∶1 (by mass) with an inert proppant to increase permeability and reduce clogging (Starr and Lebow 2005) . As noted previously, each column was filled with sand in a 1:9 (by mass) substrate to proppant ratio (Table 2 ). In order to estimate treatment longevity given a 1∶1 substrate to proppant ratio, the mass of substrate and sand required to fill the ∼700-mL column volume completely using a 1∶1 mass ratio (illustrated in Table S2 ) was determined. Dividing the calculated substrate mass by the 40 g used for the lab study, a scale-up factor was calculated, which was used with the experimental treatment data to estimate longevity (in PVs) of each substrate mixture had the experiment been conducted under those conditions (Table S3 ). The metals removed and total volume of MIW treated were also estimated by multiplying the values from Table 4 by the scale-up factor, and calculated a loading factor by dividing the calculated mass of substrate by the liters of MIW treated (Table 5 ).
The loading factors reveal that a smaller mass of CS-containing substrate is required to treat 1 L of water than the traditional substrate. In addition, CS is denser than SMC, which allows for the size of treatment systems to be further reduced when using CS substrate mixtures. Using water quality and flow data from the Klondike-1 site, the required size of a treatment system was estimated using various substrates with a designed life of 15-25 years (Table S4 ). For systems designed with a 15-to 25-year lifespan, a 50% reduction in footprint from the traditional SMC and limestone substrate system can be achieved by using ≥ 70%CS in the substrate mixture. These calculations used the recommended 1:1 substrate to sand proppant ratio, but SMC alone might serve as an adequate proppant for the fine CS material allowing for an even smaller footprint by eliminating the sand proppant.
Costs were calculated for passive treatment of high-strength MIW discharge using a system containing mixed CS substrate or the traditional substrate as well as for active treatment (Table 6) . AMDTreat software (Office of Surface Mining Reclamation and Enforcement, OSMRE) was used for cost calculations in conjunction with flow and water quality data from the Klondike-1 site (see details provided under the subsection "Treatment System Sizing and Costs" in the Supplemental Data). For passive treatment, the calculated substrate loading factors were used to determine substrate costs and default parameters were used for the remaining capital costs. Although mixed CS and SMC substrates are more expensive than the traditional substrate, they are still only half as expensive as active treatment systems for a 20-year system life. Thus, before passive treatment of high-strength discharges is ruled Note: Values were calculated based on experimental values and the scale-up factor to account for a 1∶1 (by mass) substrate to sand proppant ratio that would be used in the field. a Mass required to fill the same volume as the treatment columns, accounting for the different densities of the substrate materials, while maintaining a 1∶1 (by mass) substrate to sand ratio. b The traditional treatment was calculated both without a proppant (as has historically been used in field systems) and with a proppant (proposed to combat permeability issues). a Organic substrate cost is a one-time cost associated with passive treatment systems. b Annual cost accounts for operation and maintenance of pump, chemicals, and labor associated with active treatment systems, and quarterly site visits and sampling for passive treatment systems. c Passive treatment systems were designed using a 1∶1 substrate to sand proppant ratio and included a pretreatment and posttreatment settling pond; capital costs were estimated using AMDTreat software and designating the surface dimensions of the ponds. d Active treatment system costs were estimated using AMDTreat software and used all default settings except where bulk delivery of chemicals was offered to reduce costs; this analysis also included pump costs calculated via use of a fuel-powered generator because there is no electricity at the Klondike-1 site; default settings in AMDTreat estimated low fuel costs at only $0.66=L ($2.50=gal.). and operator site visits at three times per week.
out, mixed CS substrates should be investigated at the field scale to determine their ability to efficiently overcome longevity, permeability, and physical site constraints. A final consideration, highlighted by the breakthrough curves, is the possibility of losing metals from the system when the pH falls below 5.0. Similar to traditional systems, the accumulation of metals over several years could result in concentrations considerably higher than the influent MIW if a mass release were to occur. Thus, systems should be monitored for downward trends in pH and additional buffering capacity added (i.e., fresh substrate or limestone amendment) to maintain pH > 5.0.
Conclusions
CS-amended substrates in passive treatment systems, although slightly more expensive than traditional substrates, display significantly enhanced performance and are more cost efficient than active treatment at remediating high-strength MIW. The data show a substrate mixture of 70% CS and 30% SMC is the most efficient, with a loading factor determined to be 1.2 g of substrate per liter MIW as compared with 2.3 g of traditional substrate per liter MIW. The use of a mixed CS substrate also affords a 50% reduction in footprint, which can be critical in situations in which space is limited.
Systems containing CS maintained reducing conditions longer than the traditional SMC substrate, decreasing the likelihood of reactivity and permeability issues due to precipitation of Fe and Al (oxy)hydroxides. Increases of Fe removal of up to 50% can be realized with passive aeration after anoxic treatment for substrate mixtures containing <90% CS, although extremely reducing conditions inhibit this at higher CS mixtures. Additionally, the highly reactive CaCO 3 integral in the CS matrix does not contain sufficient alkalinity to promote complete biodegradation of the organic portion of the substrate. Thus, the life of mixed CS substrate systems can be further extended via the addition of an external alkalinity source as either a periodic supplement to the substrate mixture or as a portion of the overall system design.
Pilot-scale systems have been implemented at the Klondike-1 site to determine the effects of scale-up on the loading factors determined in this study and to monitor the permeability over time. Systems with and without a limestone underdrain below the organic substrate layer have been included to quantify the increased longevity that CS-amended systems may attain with this additional alkalinity source. The results of these pilot systems will be presented in future work.
